Uninephrectomy (uNx) in young rats causes salt-sensitive hypertension (SSH). Alterations of sodium handling in residual nephrons may play a role in the pathogenesis. Therefore, we evaluated the adaptive alterations of renal sodium transporters according to salt intake in uNx-SSH rats. uNx or sham operations were performed in male Sprague-Dawley rats, and normal-salt diet was fed for 4 weeks. Four experimental groups were used: sham-operated rats raised on a high-salt diet for 2 weeks (CHH) or on a low-salt diet for 1 week after 1 week's high-salt diet (CHL) and uNx rats fed on the same diet (NHH, NHL) as the sham-operated rats were fed. Expression of major renal sodium transporters were determined by semiquantitative immunoblotting. Systolic blood pressure was increased in NHH and NHL groups, compared with CHH and CHL, respectively. Protein abundances of Na
Introduction
Hypertension is the most common chronic disorder worldwide and secondary hypertension explains the cause of 5 to 10% of the hypertensive population, many of which could be linked to renal disease 1) . The hypothesis proposed in those hypertensive patients is that the kidneys might initially have been normal, but subtle renal injury induced by some events eventually may have altered the ability to excrete salts 2) in those hypertensive patients was proposed. Some authorities believe that the mechanisms by which the kidney causes hypertension involve physiologic defects in sodium excretion as proposed by Guyton et al. 3) .
Both epidemiologic 4) and physiologic 5) studies support this hypothesis.
Several hypotheses have been proposed to explain the mechanisms responsible for the defects in renal sodium
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handling. One of them is that hypertension results from a polygenic defect in which there are alterations in the regulation of tubular sodium transport systems 6) . A recent report that many forms of genetic hypertension are associated with enhanced sodium reabsorption has provided support for this hypothesis 7) .
The hypothesis that a reduced number of nephrons at birth causes initial renal injury and later hypertension was proposed 8) . However, it has been argued because some adult kidney donors develop hypertension 9) , but others don't 10) . Therefore, it is suggested that the age at which reduction of nephron number occurs is an important factor for the outcome of the nephrectomy. The compensatory increase in kidney weight and function after nephrectomy appears to be more pronounced in immature than in mature kidneys, as proved in in-vivo studies 11) . Furthermore, it has been recently reported that both reduction in nephron number by uninephrectomy (uNx) and chronic salt loading during young age after complete nephrogenesis cause salt-sensitive hypertension in adulthood 12) . Although altered regulation of major sodium transporters might be involved in the pathogenesis of the salt-sensitive hypertensive rat model induced by uNx, sequential adaptive mechanism of renal sodium transporters according to salt intake in this model has not been evaluated. The present study was performed to evaluate the adaptive alterations of renal sodium transporters in the salt-sensitive hypertensive rat model induced by uNx.
Materials and Methods

Experimental animals
After obtaining approval of the study protocol from the Institutional Animal Care and Use Committee, 28 male Sprague-Dawley rats (5-6 weeks, 160-190 g; Orient Bio
Inc., Seongnam City, Korea) were placed in cages. Investigations were conducted in accordance with the Guide for Care and Use of Laboratory Animals (National Academy of Science, 1996) . The animals were kept in a light and temperature-controlled room with free access to standard rat chow (Agribrand Purima Korea, Seongnam City, Korea) and deionized water for 1 week before undergoing surgical procedures.
High salt and/or low salt diet after uninephrectomy
All rats were anesthetized with isoflurane (Isoflu ® , Abbott Laboratories, Chicago, IL, USA) and the sham operation (n=14) or uNx (n=14) by total extirpation of the left kidney was performed. A normal-salt diet (0.3% NaCl)
was provided for 4 weeks; thereafter, sham operated (control) rats were randomly allocated into two groups: (1) the CHH group (n=8) was fed on a high salt diet (3% NaCl) for 2 weeks; (2) the CHL group (n=6) was fed on a low-salt diet (0.03% NaCl) for 1 week after 1 week's high-salt diet. And uninephrectomized rats were also ran- Fig. 1 . Experimental scheme. uNx, uninephrectomy; NS, normal salt diet; HS, high salt diet; LS, low salt diet. CHH: Sham-operated rats raised on a high-salt diet for 2 weeks. CHL: Sham-operated rats raised on a low-salt diet for 1 week after 1 week's high-salt diet. NHH, NHL: uninephrectomized rats fed on the same diet with matched sham-operated rats.
domly allocated into (3) the NHH group (n=8); (4) the NHL group (n=6); uninephrectomized rats fed on the same diet as the control group (Fig. 1) . The rats were allowed free access to drinking water.
Physiologic parameters
The blood pressure (BP) and body weight were measured at three time points: 1) baseline, 2) just before changing the diet, and 3) on the day of sacrifice. The BP was measured using the Non-invasive Blood Pressure System XBP1000 (Kent Scientific Corp., Torrington, CT, USA).
During the last 2 days prior to sacrifice, the animals were placed in the metabolic cages, and 24-hour urine samples were collected on the day before sacrifice for the measurement of urine urea nitrogen, creatinine, protein, osmolality, sodium and potassium. Blood samples were collected from the abdominal aorta at the time of sacrifice for the measurement of blood urea nitrogen, creatinine, osmolality, sodium and potassium. Creatinine and urea clearances were calculated using the standard formula. Whole blood was centrifuged at 3,000 rpm (Sorvall RT 6000 D; Sovall, Newtown, CT, USA) at 4°C for 20 min to separate plasma.
Semi-quantitative immunoblotting
The right kidneys were dissected into small pieces and placed in a chilled isolation buffer containing 250 mM sucrose, 10 mM triethanolamine (Sigma), 1 µg/mL leupeptin (Sigma), and 0.1 mg/mL phenylmethylsulfonylfluoride (Sigma) titrated to pH 7.6. Then, the pieces were homogen- For immunoblotting, the proteins electrophoresed on gels were transferred from unstained gels to nitrocellulose membranes (Bio-Rad) with the electroelution method.
After being blocked with 5% skim milk in PBS-T (80 mM Na2HPO4, 20 mM NaH2PO4, 100 mM NaCl, and 0. 
Primary antibodies
For semi-quantitative immunoblotting, we used previously characterized polyclonal antibodies. Affinity-purified polyclonal antibodies against NHE3 13) , NKCC2 14) , NCC 15) , and α-and γ-ENaC 16) were used. Affinity-purified polyclonal antibodies against β-ENaC (sc-21013; Santa
Cruz Biotechnology, Inc, CA, USA) were used.
Statistical analysis
All values are expressed as the mean±standard error (SEM). Band density values were standardized by dividing them with the average value of the control group. Thus, the mean for the control group was defined as 100%. 
Results
Physiologic parameters
As shown in Fig. 2 The blood pressure-sodium excretion curves for the uNx rats were shifted to the right, resulting in a blunted pressure natriuresis (Fig. 3) . In all groups, fluid intake and urine volume increased after a high salt diet. As shown in Fig. 4 , both the fluid intake and urine volumes were relatively increased in the uNx groups. There were no significant differences in serum sodium by the end of the experiment among the groups (Table 1) .
Semiquantitative immunoblotting for renal sodium transporters
1) Changes in protein abundance in response to dietary
NaCl change in the sham-operated group
There were no differences in protein abundances of NHE3 between the CHH and CHL group (94% in the CHH group, 100% in the CHL group; P=0.265; Fig. 5 ). Protein compared with those of the CHH group. Protein abundances of NKCC2 in the NHH group was significantly lower (49% of the CHH group, P=0.009; Fig. 7 ) than those in the CHH group. There were no significant differences in protein abundances of NCC regardless of uninephrectomy (87% of the CHH group, P=0.589; Fig. 7) . Expression of ENaC-and ENaC-i α β n the NHH group was significantly higher (160%, 173% of the CHH group; P=0.045, P=0.015 respectively; Fig. 7 ) than those in the CHH group. Expression of ENaC-γ in the NHH group was not different (96% of that in the CHH group, P=0.937; Fig. 7 ) from that in the CHH group.
Discussion
In the present study, we investigated the alteration of major renal sodium transporters in the salt-sensitive hypertension rat model induced by uNx. This study demonstrated that sodium loading itself was effective in increasing BP regardless of uNx and that uNx with chronic high salt diet gave rise to more pronounced hypertension and salt sensitivity. The blood pressure-sodium excretion curves of uNx rats had been shifted to the right, resulting in a blunted pressure natriuresis.
The kidneys have a key role in long-term BP control 17) .
Because normal functioning kidneys have the ability to excrete large amounts of excessive salt, it is generally considered that an increased salt intake for a shorter period of time does not cause any significant changes in arterial BP.
However, the long-term effects of high salt intake are still controversial.
In this study, sham-operated animals subjected to chronic salt loading displayed decreased expression of NKCC2
and NCC compared to those subjected to change in diet from high to low salt. On the other hand, uninephrectomized animals showed increased body weight and no adaptive alterations of sodium transporters in response to the same diet change. These results can be compatible with the NKCC2, which are over-expressed in the Dahl salt-sensitive rats to sodium retension and hypertension when challenged with a high salt diet 18) . It can, therefore, be justified to postulate that changes in NKCC2 and NCC expressions in response to this dietary salt change were blunted in the uNx rats. These findings might suggest that decreased protein abundance of NKCC2 and NCC would be important molecular targets for regulatory processes responsible for salt loading. Blunted down-regulated adaptation of these transporters to salt loading in the uNx group might be one of the factors related with body weight gain and higher BP in the uNx group. NKCC2 expression is decreased in NHH rats compared with CHH rats. Thus, it is thought that sodium delivery to the distal nephron was enhanced in uNx rats in response to chronic salt loading, thereby overwhelming the capacity of the collecting duct to reabsorb sodium and leading to increased urinary sodium excretion (FENa).
Determination of NHE3 protein abundance both in sham-operated and uNx rats revealed that NHE3 protein abundance is not significantly different between the two groups ( Fig. 5, 6 ), which may indicate that the NHE3 does not play a major role in the maintenance of hypertension in the uNx salt-sensitive hypertensive animals. However, the fact that the contribution of the NHE3 to the salt-sensitive hypertension is mediated by its increased activity, not necessarily associated with over-expression cannot be excluded.
We have also examined the expression of ENaC, which is the key apical sodium channel in the connecting tubule and collecting duct. During active sodium absorption, all three subunits are found mostly in the apical domain of segment-specific cells, whereas, during natriuresis, β-and γ-ENaC are mainly localized in cytosolic vesicles 19) .
Aldosterone regulates ENaC-dependent sodium reabsorption by changing the expression and subcellular localization of the individual ENaC subunits 20, 21) . The expression of ENaC-α and ENaC-β were increased in NHH rats, compared with those in CHH rats (Fig. 7) . The ENaC channel activity is regulated by a number of mechanisms, including aldosterone-stimulated intracellular trafficking of the ENaC -, -, and -subunits from the cytoplasm α β γ to the apical plasma membrane 22) . Because the synthesis of the -ENaC subunit has been suggested to be a rate-α limiting factor of the multimeric ENaC complex, sodium transport could be expected to be proportional to the abundance of the -ENaC protein levels. The role of the α -and -subunit is still uncertain. Neither the -nor the β γ β -su γ bunit, when expressed alone or together, has been shown to produce any measurable Na + current, whereas co-expression with the α-subunit greatly enhanced the amplitudes of the Na + current 23, 24) . As mentioned above, it is well known that increased sodium reabsorption in the collecting duct is correlated with the increased protein abundance of ENaC subunits at the plasma membrane, increased apical trafficking and increased probability of the It has been demonstrated that ENaC activity and expression are regulated by several hormones, such as vasopressin 25) , aldosterone 22) , and insulin 26) . Long-term increases in circulating aldosterone concentrations result in increases of the abundances of the -subunit protein with α decreased abundance of β-subunit protein and appearance of a 70-kDa γ-ENaC band with a concomitant decrease in the main 85-kDa band 21) . In contrast, long-term exposure to high circulating vasopressin levels stimulates a marked increase in the abundances of the β-and γ-subunit proteins, with little or no effect on the abundance of the α-subunit 25) .
Thus the change of the ENaC subunits in the present study might be associated with both effects of vasopressin and aldosterone 27, 28) . However we did not measure these hormones and thus could not evaluate the relative role of these two hormones. The γ-subunit was up-regulated, whereas the α-and β-subunits were not affected in the CHH rats, compared with those of the CHL rats. A possible explanation may be lacking, but this change may be simply the compensatory change to the decreased proximal sodium reabsorption due to decreased NCC and NKCC2
expression.
In summary, we have found that, BP was higher in the uNx group than in the sham-operated group, regardless of salt intake. Adaptive alterations of NKCC2 and NCC to changes of salt intake were blunted in the uNx group.
Moreover, expression of -, and α β-subunits of ENaC increased in the uNx group. These altered regulations might be involved in the pathogenesis of salt-sensitive hypertension (SSH) in the uNx rat model. This is a preliminary study to evaluate salt-sensitive hypertension, therefore, further studies are warranted to elucidate the precise mechanism of this phenomenon.
